ABSTRACT: Osteoarthritis (OA) is a degenerative form of arthritis that can result in loss of joint function and chronic pain. The pathological pain state that develops with OA disease involves plastic changes in the peripheral and central nervous systems, however, the cellular mechanisms underlying OA are not fully understood. We characterized the medial meniscal tear (MMT) surgical model and the intra-articular injection of monosodium iodoacetate (MIA) chemical model of OA in rats. Both models produced histological changes in the knee joint and associated bones consistent with OA pathology. Both models also increased p38 activation in the L3, but not L4 dorsal root ganglia (DRG), increased tyrosine hydroxylase immunostaining in the L3 DRG indicating sympathetic sprouting, and increased phosphorylated (p)CREB in thalamic neurons. In MIA-OA, but not MMT-OA rats, p38 and pERK were increased in the spinal cord, and pCREB was enhanced in the prefrontal cortex. Using in vivo electrophysiology, elevated spontaneous activity and increased responsiveness of wide dynamic range neurons to stimulation of the knee was found in both models. However, a more widespread sensitization was observed in the MIA-OA rats as neurons with paw receptive fields spontaneously fired at a greater rate in MIA-OA than MMT-OA rats. Taken together, the MIA and MMT models of OA share several common features associated with histopathology and sensitization of primary somatosensory pathways, but, observed differences between the models highlights unique consequences of the related specific injuries, and these differences should be considered when choosing an OA model and when interpreting data outcomes. Keywords: medial meniscal tear; monosodium iodoacetate; osteoarthritis Osteoarthritis (OA) is a form of degenerative arthritis that can result in loss of joint function, disability, and chronic pain. The pain associated with OA correlates poorly with radiographic changes in the knee joint, but is associated with dysregulation of the peripheral and central nervous systems.
Osteoarthritis (OA) is a form of degenerative arthritis that can result in loss of joint function, disability, and chronic pain. The pain associated with OA correlates poorly with radiographic changes in the knee joint, but is associated with dysregulation of the peripheral and central nervous systems. 1, 2 Joint injury induces changes to the conduction fidelity of large diameter sensory neurons, activates primary afferent Nav1.8 neurons, and triggers CGRP related peripheral sensitization. [3] [4] [5] [6] Centrally, there is increased neuronal excitability, functional connectivity, and activation of mitogen activated protein kinases (MAPK) in the brain and spinal cord. [7] [8] [9] [10] Procedures using surgical and/or chemical approaches in rodents have been developed to model human OA pathology. [11] [12] [13] [14] [15] The surgical medial meniscal tear (MMT) and the intra-articular injection of monoidoacetate (MIA) are two models that have been widely used to study OA. Preclinical strategies in developing novel therapeutic agents for treating pain associated with OA have utilized these models with behavioral endpoints that include weight bearing, tactile allodynia, and hind limb grip force. Although there are some reports characterizing nervous systemrelated pathology in these and similar models, further characterization is needed. [3] [4] [5] [6] [7] [8] [9] [10] Examination of biochemical and neurophysiological processes in these animal models of OA may provide an alternative index of nociception and provide improved mechanistic understanding of the pathogenesis of pain associated with OA. Previously, we have reported increased neuronal activity of spinal neurons, and increased activated MAPK and CREB levels in the peripheral and central nervous system of MIA rats, but no such characterization has been completed with the MMT model. 8, 9 In order to broaden the characterization of the MIA model, and directly compare and contrast to the MMT model, histological, immunohistochemical, and electrophysiological techniques were used to investigate potential pathways/ mechanisms underlying pain in these models.
METHODS Animals
All animal handling and experimental protocols were approved by AbbVie's Institutional Animal Care and Use Committee (IACUC), and were conducted in accordance with the ethical principles for pain-related animal research of the American Pain Society. Male Sprague-Dawley (MIA model) and Lewis Fisher (MMT model) rats (Charles River, MA, 250-500 g) were used for all experiments and were group housed (3-5 per cage in rodent solid bottom cages with aspen bedding) in a temperature controlled room with a 12/12-h day/night cycle. The animal facility was AAALAC approved. All experiments were completed during animal daytime hours. Food and water were available ad libitum. Group sizes were determined by methodology specific power analysis.
Models of Osteoarthritis
Monoiodoacetate Model Monoiodoacetate (MIA, 3 mg, 50 ml) was injected into the intra-articular (i.a.) space through the infrapatella ligament of the right knee. Animals were anesthetized with 5% isoflurane followed by 2.5% maintenance during the MIA injection procedure. MIA was dissolved in 0.9% sterile saline and administered using a 29-gauge needle. Sham MIA-OA animals received an i.a. injection of saline and were used for electrophysiological studies. Naive animals were used for comparison in the immunohistochemistry experiments.
Medial Meniscal Tear Model
Animals were anesthetized with 5% isoflurane followed by 2.5% maintenance for this procedure and were monitored for respiratory rate, depth/character, and toe pinch reflex. The medial collateral ligament was exposed by blunt dissection and transected to reflect the meniscus toward the femur. The meniscus was then cut through the full thickness at its narrowest point to simulate a complete tear. For sham animals, the medial collateral ligament was exposed, but not transected.
Immunostaining and Knee Joint Histology MMT (4-wks following surgery) and MIA (3-wks following MIA injection) rats were deeply anesthetized with CO 2 and rapidly fixed by transcardiac perfusion with normal saline followed by 10% formalin in a laboratory perfusion hood. The knee joint was dissected, decalcified (Immunocal, StatLab, McKinney, TX), processed as paraffin sections (10 mM) and stained with the histological dyes toluidine blue (0.1 % solution at pH 7.0, Sigma) or Safranin O (1% solution pH 5.2, 0.1% fast green, Sigma). Brain, spinal cord, and DRG tissues were harvested and incubated overnight at 4˚C in a 0.1M PBS-30% sucrose solution. Tissues were embedded in OCT and sectioned on a cryostat. Lumbar levels 3 and 4 of DRG were sectioned at 30 mm while lumbar spinal cords, thalamic, and cortical brain regions were sectioned at 40 mm.
All tissues were processed as free-floating sections using a standard 3-step ABC-peroxidase technique at room temperature. Briefly, after three 10 min washes in PBS, sections were pre-incubated for 30 min in hydrogen peroxide solution (0.1 M PBS, 0.2% Triton X-100, 0.1% H 2 O 2 . Following three 10 min washes in PBS, sections were incubated for 1 h in blocking buffer (0.1 M PBS, 0.2% Triton X-100, 1.5% Normal Goat Serum). Sections were then incubated in primary antibody solution (0.1 M PBS, 0.2% Triton X-100, 1.0% NGS) overnight with the addition of one of the following antibodies: anti-phospho-p38 MAPK (rabbit mAb, 1:5000, Cell Signaling, #4511), anti-phospho-ERK1/2 MAPK (rabbit pAb, 1:500, Cell Signaling, #9101), or anti-phospho-CREB (rabbit mAb, 1:1000, Cell Signaling, #9198). After three 10 min washes in PBS, sections were incubated with secondary antibody (biotinylated goat anti-rabbit IgG, 1:200, Vector Laboratories) in 0.1 M PBS, 0.2% Triton X-100, 1.0% NGS for 1 h. Following three 10 min washes in PBS, sections were reacted with avidin-biotin complex (Vectastain Elite ABC Kit, Vector Laboratories, PK-6101) in PBS for 30 min. After three 10 min washes in PBS, sections were incubated with diaminobenzadine enhanced with nickel (DAB Substrate Kit for Peroxidase, Vector Laboratories, SK-4100). The reaction was terminated after approximately 3 min by washing the tissues in PBS. Sections were then mounted onto slides, air-dried, dehydrated through successive EtOH solutions, cleared in xylene, and coverslipped using mounting media (Cytoseal XYL, Thermo, 8312-4).
In addition, a satellite set of free-floating DRG sections were immunostained for tyrosine hydroxylase using a 2-step immunofluorescent technique. DRG sections (30 mm) were washed in PBS then incubated for 1 h in blocking buffer (0.1 M PBS, 0.2% Triton X-100, 10% Normal Donkey Serum). Sections were then incubated in primary antibody solution (0.1 M PBS, 0.2% Triton X-100, 1.0% NDS) with anti-tyrosine hydroxylase (mouse mAb, 1:500, Sigma, T2928) overnight at 4˚C. After four 15 min washes in PBS, sections were incubated with secondary antibody (CY3-conjugated donkey anti-mouse, 1:500, Jackson ImmunoResearch, 715-165-151) in 0.1 M PBS, 0.2% Triton X-100, 1.0% NDS for 1 h. Following four 15 min washes in PBS, sections were mounted onto slides, air-dried, dehydrated through successive EtOH solutions, cleared in xylene, and coverslipped using D.P.X. (Sigma, 317616).
Tissues were photographed using an Olympus BX-51 wide-field microscope equipped with an F-View digital camera. Staining was semi-quantified with the assistance of the image analysis software Olympus MicroSuite Five. Cell counts were determined for p-p38, p-ERK, and p-CREB immunostaining in spinal cord and brain tissues by analyzing three sections (per tissue type) from five to six rats per treatment group. Spinal cord and brain immunoreactivity is represented as percent of naive/sham-control or as raw cell counts. Cell counts for p-p38 immunostaining in DRG were determined by analyzing six rats per treatment group, and are represented as percent of p-p38 immunoreactive neurons out of the total small diameter neurons present in DRG sections. Tyrosine hydroxylase fiber immunoreactivity was quantified by measuring the cumulative length of all positively stained fibers within a given field of view.
Electrophysiology
In vivo electrophysiological studies were conducted using separate animals from the histological studies. All animals were examined 3 weeks after OA procedures. On the day of neuronal recording, animals were initially anesthetized with pentobarbital (50 mg/kg, i.p.). Catheters were placed into the left and right external jugular veins. A laminectomy was performed to remove vertebral segments T12-L3 or T9-L2 for recording neurons that receive input from either the ipsilateral hind paw or knee, respectively. Animals were then secured in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) supported by clamps attached to the vertebral processes on either side of the exposure site. The exposed area of the spinal cord was first enveloped by agar and then filled with mineral oil. A stable plane of anesthesia was maintained throughout the experiment by a continuous infusion of propofol at a rate of 8-12 mg/kg/h (i.v.). Body temperature was kept at approximately 37˚C by placing the animals on a circulating water blanket.
Platinum-iridium microelectrodes (Frederick Haer, Brunswick, ME) were used to record extracellular activity of wide dynamic range (WDR) neurons in the spinal dorsal horn. WDR neurons were defined as those neurons that responded in a graded manner to low-and high-intensity stimulation. Neurons receiving input from the knee were characterized by responses to manual gentle rubbing (nonnoxious), and a 300-g von Frey applied to the knee for 2-3 s. Only neurons that specifically responded to knee joint stimulation, without responding to stimulation of the surrounding skin/tissue, were kept for recordings in both OA and OA-sham rats. Neurons receiving input from the paw were characterized by responses to non-noxious (brush, tap, and 10-g von frey hair) and noxious (2-3 s pinch) stimulation. Spike waveforms were monitored on an oscilloscope throughout the experiment, digitized (32 points), and then stored for off-line analysis (SciWorks, Datawave Technologies, Longmont, CO) to ensure that the unit under study was unambiguously discriminated throughout the experiment. Firing of individual WDR neurons was used to assess population activity in each of the different groups of rats. Thus, activity was recorded from WDR neurons receiving input from the knee in MIA-OA, MMT-OA, and (respective) sham rats, as well as from WDR neurons receiving input from the paw in MIA-OA, MMT-OA and naive rats. The maximum number of neurons recorded that received input from either the paw or knee was two per animal. In each of these recordings spontaneous activity was measured for 5 min, the neurons were then characterized as described above, and then responses (separated by 5 min each) to specific stimulation of the neuronal RF were recorded. The ipsilateral knee was stimulated with a 300-g von Frey hair for 10 s, and the ipsilateral hind paw was stimulated with a 10-g von Frey hair for 15 s for the relevant neurons. At the end of each experiment, animals were euthanized with an overdose of propofol through the already attached i.v. line.
Data Analysis
For histological data, all statistical analysis was conducted using a two-way ANOVA for comparison between multiple treatment groups. For electrophysiological data, at the onset of each experiment, spontaneous neuronal firing was counted for 5 min to determine baseline levels (prior to characterization). Evoked activity was measured by counting the spikes during the time of stimulus presentation. Thus, the total number of spikes was counted for 10 s during 300-g von Frey stimulation, and for 15 s during the 10-g von Frey stimulation. A mean of three evoked responses was used to calculate evoked activity. Statistical analysis of the neuronal population sampling was done with a one-way ANOVA followed by a Fisher's LSD post-hoc test. Post-hoc tests were only performed if the relevant parameter was significant in the ANOVA. All data are presented as mean AE SEM, and a difference was considered significant if it reached a p-value of less than 0.05.
RESULTS

Animals
All animals were monitored in their home cages prior to the individual histopathological or electrophysiological studies, and no animals displayed overt changes to overall behavior to indicate any health concerns.
Knee Joint Histology
Knee joints from arthritic rats were analyzed by toluidine blue and safranin O staining. Histological observations from both MIA and MMT models included marked chondrocyte degradation evidenced by loss of proteoglycan staining, appearance of type-II collagen fibers, and medial tibial plateau fibrillationlike lesions (Fig. 1) . Chondrocyte loss was qualitatively determined to be more extensive in MIA than in MMT injured rats. Additionally, the MMT model exhibited prolific changes characteristic of OA pathology that were not observed in the MIA model. These changes included bone marrow loss, osteophyte complex formation, decreased bone marrow at the medial tibial plateau, damage to the femur, and chronic changes in the bone (Fig. 1) .
Biochemical Signaling
Phosphorylated p38-like immunoreactivity (p-p38-ir) was measured at the level of injured (L3) and uninjured (L4) lumbar DRG. There was a significant increase (F (3, 40) ¼ 5.37, p ¼ 0.003) in p-p38-ir in the ipsilateral L3 DRG of both the MIA-and MMT-OA rats compared to their respective naive or sham control groups (Fig. 2) . No significant change in p38-ir was observed in the L4 DRG of either OA group compared to their controls. In the spinal cord, p-p38-ir (F (3, 35) ¼ 11.09, p < 0.0001) and phosphorylated Erk-ir (p-ERK) (F (3,28) ¼ 9.06, p ¼ 0.0002) were significantly increased in both the ipsilateral and contralateral sides of MIA-OA rats compared to naive rats, but neither was affected in MMT-OA rats (Fig. 3) . Elevated phosphorylated CREB (pCREB) signaling was observed in spinal cord (F (3, 36) ¼ 9.64, p < 0.0001) as (Fig. 4) . In contrast, pCREB was increased in the VPL, but not in the spinal cord or prefrontal cortex of MMT-OA rats (Fig. 4) .
Sympathetic Axons in the DRG
To assess involvement of the sympathetic nervous system in the pathology of osteoarthritis at the level of the DRG, sections from lumbar levels 3, 4, and 5 were stained with anti-tyrosine hydroxylase (TH). A significant increase (F (3,48) ¼ 28.59, p < 0.0001) in TH-positive fiber length was observed in the L3 DRG of both MMT and MIA models relative to their respective control groups (Fig. 5) . A significant increase in TH-ir was also observed in L4 DRG from the MIA-OA rats (Fig. 5) . The TH-ir was not significantly different between MMT-OA and sham MMT rats in the L4 region even though the TH-ir appeared more elevated in the MMT-OA group. No effect was observed in the L5 DRG for either of the groups. Overall, the largest The spontaneous firing of WDR neurons with knee RF's from both OA groups was significantly elevated compared to the respective shams (F (3,317) ¼ 9.15, p < 0.0001), but were not significantly different from each other (Fig. 6a) . In contrast, only the neurons recorded from the MIA-OA rats with hind paw RF's had significantly (F (2,118) ¼ 3.2, p ¼ 0.04) elevated spontaneous firing compared to naive rats (Fig. 6a) . Furthermore, the spontaneous firing of WDR neurons with hind paw RF's was significantly higher (p < 0.05) in MIA-OA compared to MMT-OA rats.
Like the spontaneous firing, the evoked (300-g von Frey hair) response of WDR neurons with knee RF's from both OA groups was significantly elevated compared to the respective shams (F (3,314) ¼ 6.31, p ¼ 0.0004), but were not significantly different from each other (Fig. 6b) . The evoked (10-g von Frey hair) responses of neurons with hind paw RF's did not differ across the groups (Fig. 6b) .
DISCUSSION
Several groups, including our own, have used a variety of assessment techniques such as grip force, responses to mechanical stimuli at primary and secondary points of injury, and weight bearing to demonstrate that rodent models of osteoarthritis (OA) result in behavioral hypersensitivity. 12, [16] [17] [18] In addition to comparing the histopathology, the current study investigated the underlying functional physiology of the MMT and MIA models of OA in order to enhance the understanding of the underlying pathophysiology. Clear similarities were observed between both models as they shared key histological features as well as sensitization of neuronal pathways responsible for somatosensory transmission. Nonetheless, observed differences between the models highlighted unique consequences of the related specific injuries, and these differences should be considered when choosing an OA model and when interpreting data outcomes. 
RAT MODELS OF OA
The injection of MIA and the MMT surgery resulted in histopathological changes to the rat knee joint consisting of marked chondrocyte degradation and cartilage destruction in the medial tibial plateau which are consistent with previous reports in these models and mimic human pathology. 16, 17 The chondropathy appeared to be qualitatively more extensive in the MIA-OA rats compared to the MMT-OA animals. The MMT-OA rats also manifested additional characteristics of OA which included increased osteophyte complex formation, femur lesions, and decreased bone marrow. The enhanced osteophytosis in MMT-OA rats has been described previously. 16 Thus, both types of injury result in rapid disease progression and represent useful models to further evaluate the pathophysiology.
Our functional assessment of the rodent OA models included both histobiochemical and electrophysiological readouts. The histobiochemical analysis measured different mitogen-activated protein kinases (MAPKs) which permitted a macro overview of activity in the sites investigated. Activation of these kinases is associated with sensitization of peripheral and central nociceptive pathways. 8, 19 The electrophysiological endpoints narrowed down the assessment to a defined neuronal class with delineated receptive fields. Elevated levels of evoked and spontaneous firing of spinal WDR neurons are linked to somatosensory hypersensitivity and spontaneous pain. 9, [20] [21] [22] Across the spectrum of tools used, the MIA-OA model appeared to induce a more robust and widespread effect on neuronal signaling compared to the MMT-OA model. Both models induced increased activated p38 and CREB in the ipsilateral L3 DRG and supraspinal VPL region, respectively, increased innervation of sympathetic axons within the L3 DRG, and also elevated the levels of spontaneous and evoked firing of spinal WDR neurons receiving input from the injured knee. However, in addition to these functional consequences, the MIA-OA model also increased p-p38, pCREB, and pERK signaling in the superficial dorsal horn of the spinal cord, activated CREB in the prefrontal cortex of the brain, induced sympathetic remapping in the L4 DRG, and resulted in elevated spontaneous firing of WDR neurons with input from the ipsilateral hind paw. All of these latter findings were not observed in the MMT-OA rats. Although both models show evident sensitization of somatosensory pathways directly linked to the injured knee, the MIA-model shows an expansion of sensitization beyond the primary pathway and appears more prevalent within the nociceptive system. The current MIA model was induced by injection of 3 mg of the substrate and has been linked to inducing a neuropathic related dysfunction that is not as apparent after administration of a lower 1 mg dose. 23 Thus, the current model may be more translatable to patients with OA that possess a neuropathic component, which can be a significant subgroup of OA patients and may be treated with neuropathic therapeutics like duloxetine. [24] [25] [26] A common element between the models was the enhancement of p-p38-ir within the L3 DRG which has been reported previously in the MIA but not MMT model. 8, 21 Heightened neuronal sensitization of the primary pathway conveying somatosensory input from the knee to the spinal cord would be expected after a localized injury, and indeed C and A primary knee afferent fibers develop mechanical and/or rotational sensitization following MIA-and MMT-related procedures. 4, 5, 27, 28 Pressure on the knee can evoke electrical potentials from associated primary afferent neurons and cartilage tissue in normal and OA rats. 28, 29 Mechanical compression of cultured chondrocytes from humans induces membrane potentials and the release of nociception-related neurotransmitters as well as cytokines. 30, 31 This biochemical release is likely to have both autocrine and paracrine functions with the latter possibly impacting local neuronal activity. Several cytokines and chemokines (e.g., IL-1b, TNFa, IL-17) are elevated in the spinal cord and DRG in the MIA-OA model and may contribute to peripheral and central sensitization, 32, 33 and other mechanisms are also noted as contributing factors to this sensitization (e.g., TRPV1, TRPA1, Nav1.8, COX2, CGRP; CB2). 4, 5, 9, 22, 34 The pathological activity in the L3 DRG of both models appeared to also be reflected by the increased firing of downstream spinal WDR neurons with receptive fields on the ipsilateral injured knee as well as activity in the VPL region of the thalamus. Increased spontaneous firing of knee-responsive WDR neurons has been reported previously in the MIA model, and likely reflects "ongoing" discomfort or pain in the animal. 9, 22 This is the first report of similar increases in WDR spontaneous firing in MMT-OA rats. The VPL region is an important node in the ascending pathway relaying sensory/discriminative information to higher centers, and has been shown to be activated in the MMT-OA model using fMRI. 7 Collectively, these data indicate that both models manifest primary sensitization of pathways related to the injured knee. The lack of enhanced MAPK signaling in the spinal cord of MMT rats (contrasting the MIA rats) was surprising given the increased evoked and spontaneous firing of WDR neurons with knee receptive fields, and may reflect the different levels of sensitivity between the two measures.
Another common factor between the OA models was sympathetic sprouting within the L3 DRG. The sprouting of sympathetic nerve fibers in the DRG has been typically associated with neuropathic pain and has been observed in several rodent nerve damage models. [35] [36] [37] In normal DRG's, sympathetic fibers typically are associated with blood vessels, but nerve injury can lead to "basket" formations of sympathetic fibers wrapping around individual neurons. [35] [36] [37] This abnormal sympathetic-sensory neuron coupling has been related to mechanical hypersensitivity and spontaneous firing in afferent neurons from neuropathic rodents. 38, 39 In an inflammatory model of arthritis, injection of complete Freund's adjuvant into the rat ankle joint triggered sprouting of sympathetic fibers, 40 and similar sprouting has been observed in other models of skeletal pain. 41, 42 Using an antibody against tyrosine hydroxylase as a marker for sympathetic neurons, we demonstrated that sympathetic sprouting occurs in both the MIA-OA and MMT-OA models. Given the role of sympathetic rerouting to sensitization in models of neuropathic pain, it is likely that this pathological response to knee injury also contributes to the observed sensitization in the L3 DRG of OA animals and possibly to behavioral hypersensitivity.
A more widespread sensitization, relative to MMT, appears to be a consequence of MIA induced OA and is represented by enhanced MAPK signaling (pERK, pp38, pCREB) in the spinal cord and additional brain regions, as well as significant sympathetic sprouting in the L4 DRG, and increased spontaneous firing of WDR neurons that have receptive fields outside (hind paw) of the primary site of injury. Thus, this likely corresponds to secondary hypersensitivity in the MIA-OA model which has been observed behaviorally. 16 In contrast, the MMT-OA model has been reported to show inconsistent levels of secondary hyperalgesia. 11, 16 Spinal glial cells have been suggested as a contributing factor to secondary allodynia in MIA rats.
34 CB2 receptors are upregulated by both spinal neurons and glial cells in the MIA model, and spinal injection of a CB2 agonist attenuated evoked firing of WDR neurons. 43 Systemic administration of the same CB2 receptor agonist also relieved behavioral hypersensitivity. The examined MAPK pathways in the current study can be activated in both spinal neurons and glial cells, but p-p38 has been shown to be primarily associated to spinal microglia in the MIA model. 8, 19, 23, 44 The activation of these MAPK pathways and the contribution of CB2 receptors likely reflects an important role for neuro-immune interactions leading to spinal sensitization following injection of MIA into the knee. The responses of WDR neurons to low-intensity mechanical stimulation of the hind paw in MIA-OA rats were slightly elevated 21 days after the insult, but this difference was not significant, however the lack of effect could be temporally related as increased responses of WDR were found 28 days after MIA injection. 43 This latter study also did not observe enhanced WDR responses to mechanical stimulation of the hind paw 21 days after the MIA insult.
OA pain in humans can consist of hypersensitivity, referred pain, and spontaneous or ongoing pain. 1 The enhanced WDR responses to knee stimulation can be related to primary hypersensitivity in both OA models, and perhaps the secondary sensitization in the MIA-OA rats reflects the referred pain component. The increased spontaneous firing of WDR neurons may be correlated to non-evoked pain. Given that WDR neurons are an integral component of the ascending nociceptive pathway, and that higher levels of WDR firing generally code for increased somatosensory intensity, the observation that WDR neurons in OA rats spontaneously discharge at rates higher than normal may indicate that there is non-evoked or "nagging" discomfort in the animal. Suzuki and Dickenson have reported that heightened spontaneous discharges of WDR neurons are either reduced, or unaltered by drugs that are effective or ineffective, respectively, in treating non-evoked pain in humans. 21 Both OA models are then likely to have some component of non-evoked pain, and speculatively, the increase of spontaneous firing in WDR neurons receiving input from the hind paw may indicate a more widespread non-evoked discomfort in the MIA-OA rats relative to the MMT model. Liu et al. used the place preference assay to demonstrate that MIA can induce ongoing pain in rats. 45 TRPV1 antagonists have been shown to dampen the elevated spontaneous (and evoked) activity of WDR neurons in MIA-rats, and interestingly, TRPA1 antagonists do not diminish enhanced spontaneous firing despite attenuating the evoked firing of WDR neurons in this model. 9, 22 The lack of effect of a TRPA1 antagonist on spontaneous activity indicates that different mechanisms can control the evoked and spontaneous components of pathological nociception.
In summary, the MIA and MMT models of human OA share several common features associated with histopathology and sensitization of primary somatosensory pathways. Both models are useful to explore the underlying mechanisms and treatment of OArelated pain, but each may have a benefit for understanding particular elements of human OA. The MMT model appears to have more structural damage as a RAT MODELS OF OA consequence of the surgery and may be well-suited for treatments aimed at disease modification. At the dose administered, the MIA-OA model triggered a more widespread sensitization in both the peripheral and central nervous systems and may be a useful model for investigating modulation of OA related pathways including those responsible for referred pain. DISCLOSURE JDB, KJC, ALN, SM, MFJ, RE, and SMc are employees of AbbVie. JX and RSB were employees of AbbVie at the time of the study. The design, study conduct, and financial support for this research were provided by AbbVie. AbbVie participated in the interpretation of data, review, and approval of the publication.
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